Engineered Cementitious Composite (ECC) is a cement based material with ultra-high ductility and strength in tension. This material is a kind of highperformance fiber-reinforced cementitious composite materials (HPFRCCs) reinforced with short fibers and characterized by tight multiple cracking. These characteristics of ECC make it applicable to increase the capacity and the ductility of structural elements so that structural design is economic and sustainable. This paper presents an extended evaluation of Improved Engineered Cementitious Composites (IECC) for the use in the strengthening of masonry in filled reinforced concrete frames. IECC is a mixture of cement, fly ash, water, sand, quartz powder and poly-vinyl alcohol fibers with a better quality of tensile strain rather than common ECC. Two types of fine sand and quartz powder used in this study as filler to improve ECC behavior. Also, to show the effect of fly ash on IECC properties, five different mixtures were considered with various fly ash ratios. Different mixtures of IECC using fine aggregates produced in Iran were selected to find out how the aggregates and fly ash would affect IECC performance. The results show that the optimized mixture has the best characteristics including tensile strength and strain. Also, three-dimensional diagrams were used to compare the properties of different mixtures of IECC more effectively and to represent the influence of the range of fly ash ratios so that it can be opted based on design objectives such as ECC properties, costs and structural parameters and demands. These diagrams show the behavior of IECC which its fly ash content ratio in the binder is 50% to 67%.
Introduction
ECC has very high ductile behavior in tensile loads and is known as a special kind of HPFRCC that invented at the University of Michigan in the early 1990s for the first time [1] . This material is known by high ductility more than 3% and multiple cracks with about 60 μm wide. A typical tensile stress-strain curve of ECC and multiple cracks is shown in Figure 1 [2] . Plain concrete and fiber reinforced concrete have strain-softening after initial cracks. However, ECC exhibits material property like steel with tensile strain-hardening behavior. High ductile behavior is due to the interactions among fiber, matrix and fiber-matrix interface [3] . Also, ECC shows good durability and high tensile strength due to self-controlled cracks.
Thus, ECC can be used in many structures to extend service life, reduce the maintenance and repair cost. Recently, ECC is highly used in decks [4] , structural elements in high-rise buildings to improve their seismic behavior, and in repair application [5] [6] .
In normal concrete, aggregates play a key role in mechanical properties of hardened concrete. However, they cause poor fiber dispersion in fiber reinforced concrete [7] . Since fiber dispersion is an effective parameter in strain-hardening behavior of ECC, using fine and appropriate aggregates increase the ductility of ECC. Therefore, the size and the amount of aggregates are limited in this material [8] .
The high quantity of cement in ECC makes easy control in fiber dispersion and better strain-hardening behavior. To obtain strain hardening in this material, matrix fracture toughness has to be limited so that multiple cracking could occur before reaching the maximum fiber bridging stress [9] .
Based on previous studies, ECC has better performance than traditional cement concrete mixes. However, nearly all of the past works were performed on Figure 1 . Tensile stress-strain curve and tight crack width control of ECC [2] . Also, by increasing FA content to 40%, the ultimate tensile strain reached a maximum value (1.7%) [14] . Some different FA contents (50%, 60%, 70% and 80%) are considered in ECC mixture to show that initial cracking and compressive strength are decreased by increasing this ratio [15] . In some previous studies, it shows that this content is not stable and needs to be optimized in various contents (50%, 55%, 60%, 65%, 70% and 75%). The best tensile behavior is 75% whereas 50% and 65% are the lowest tensile strain [16] .
In this study by the use of fine and medium aggregates in ECC, two types of 6 different laboratory mixes were evaluated using 36 uniaxial tensile tests. The results show that one mixture has the best behavior in tension.
Experimental Program

Material Information
The laboratory experiment includes the development and evaluation of different ECC mix by investigation of the effect of fly ash on ECC behavior to find the proportions were selected based on the findings from previous research on ECC [5] [6].
Material Properties
The ECC material used in this study utilized cement, fly ash, fine sand, quartz powder, water, and superplasticizer to improve the fresh properties of the mixture and PVA fibers. All types of materials are common except fine sand and quartz powder. Table 1 shows the geometrical and mechanical properties of PVA fiber.
One of the most important factors of producing of each material is an expenditure. The fine sand and quartz powder used in this study as filler were instead of the typically used sand to improve ECC behavior. Two different sands and quartz powder sources were selected in Iran. 
Mix Properties
As mentioned, The ECC material used in this particular study utilized cement, fly ash, fine sand, quartz powder, water, and Hydroxy Propyl Methyl Cellulose (HPMC) as superplasticizer to enhance the fresh properties of the mixture and Table 2 .
In practice, dry ingredients consist of cement, fly ash, sand, quartz powder and superplasticizer were first mixed using a type of laboratory mixer for about 1 min. Then water was added and mixed about 4 min. At this time, obtained mortar showed adequate flowability and viscosity visually investigated and needed for the good workability and uniform fiber distribution. Finally, PVA fibers were added gradually and mixed for 3 min.
Testing Plan
To determine the applicability of using IECC as a masonry infill overlay, the material was subjected to performance tests to determine tensile strength and strain.
To confirm the tensile strain-hardening behavior of this ECC and compare with the common ECC, the dog-bone specimens with 500 mm long, 90 mm wide and 50 mm thick shown in the next section, at the age of 7 days were used in the uniaxial tensile test. The strain of the dog-bone specimen was obtained by taking the average reading of extensometer, attached to the specimen. Mixing process and slump test of the specimens is shown in Figure 4 . The average slump of the specimens is about 35 cm. This value shows that it is suitable to use as an overlay on masonry walls in strengthening [6] . Figure 5 shows the test set-up and specimen before and after testing. After casting dog-bone specimens in a suitable mould and curing for 7 days, the specimen was fixed on the test set-up by clamping the plate-glued ends with two Figure 3 . Gradation of quartz powder. 
Results and Discussion
Tensile Behaviour
The tensile strengths of each mix were measured at 7 days after mixing. The specimen size and results of uniaxial tensile tests in stress-strain curves are presented in Figure 6 and Figure 7 . In order to compare the effect of two aggregate types, Table 3 shows the results of uniaxial tensile tests in terms of tensile yield Figure 8 .
To show the effect of fly ash ratio on ECC behavior, 5 different ratios were considered. For each mixture, three tests were done. The ratio of fly ash to cement material is illustrated in Table 4 . It should be mentioned that the weight of the binder was fix and the total amount of cement and fly ash is not variable whereas their ratio is changing. Figures 9-12 show the tensile stress-strain curves.
The tensile properties of the ECC were evaluated at 14 days after mixing. The reported tensile strengths are the maximum value for testing. The reported tensile strains are the values where the tensile load experiences a large drop just before the sample breaks into two. Since the behavior of ECC with type 2 is better than type 1, the best mixture is tested using type 2 material. As seen, the best behavior of ECC tested with different fly ash ratios with type 2 material is F1.5
Mixture (with 1:1.5 cement to fly ash ratio). This mixture can be known as IECC due to high tensile strength and strain which are 3.5 MPa and 6% respectively.
To compare standard ECC and IECC which have an average tensile strength of 3.16 MPa and 3.92 MPa and tensile strain 3.92% and 6% respectively.
To compare tensile strength and strain of all ECC mixtures, Table 5 Also, the interval of each mixture can be seen to consider standard deviation calculated in Table 5 .
Statistical Analysis
As it can be seen, the best mixture in tensile yield strength and tensile strength is To compare the ultimate tensile strain parameter, it should be known that the To obtain the high-ductile behavior of ECC, this parameter must be greater than ordinary HPFRCC. To achieve the high ductile behavior and multiple cracks in ECC ultimate tensile strain was compared to 6 mixtures based on Figure 15 . F1.5 Mixture has the best tensile behavior among all mixes with a mean value of tensile strain 6.1%. However, its tensile strength is moderate.
Also, it should be noticed that variation of results and standard deviation in strength parameters is less than strain. Based on Table 4 , it is obvious that standard deviation of strengths is about 0.1. However, this statistics parameter for strain is higher than 0.1 and averagely about 0.4.
By comparing the mean and median value of figures, it can be found that there is no significant difference between them. Although mean is not a robust statistic tool since it cannot be applied to all distributions, it is easily the most widely used statistic tool to derive the central tendency. The reason for this matter is due to getting unduly impacted by values in the sample that is too small to too large. On the other hand, it is difficult to use median in theoretical studies and generally, there is no easy mathematical formula to calculate the median. This method is simple and famous which is mostly used for the interpolation. It is based on the gradual change of trend surface in proximity concept [18] [19] [20] . It is calculated as:
where u is the estimation location, u i , i = 1, 2, ···, n, are the locations of the sample points within the search neighborhood, Z*(u) is the inverse distance estimate at the estimation location, n is the number of sample points, λ i , i = 1, 2, ···, n, are the weights assigned to each sample point, and Z(u i ), i = 1, 2, ···, n, are the conditioning data at sample points. The weights are determined as:
where d i are the Euclidian distances between estimation location and sample points, and exponent p is the power or distance exponent value. It should be mentioned that the sum of the inverse distance weights is equal to 1 as follows:
The most common value applied for the power p is 2. However, any value for p can be chosen. If p increases, the interpolated value by inverse distance will be assigned the value of the nearest sample point and become the same as estimate produced by polygonal method [19] .
As known, the distance method works well in a wide range of circumstances.
It is a conservative method because it always provides estimates of the third factor within the range of the data. In this approach, distance power is 2 and mesh number of interpolating surface is 30 × 30 in each direction to obtain a higher quality of results.
As seen in Figure 14 , four major ranges of FA:C ratio are shown to determine tensile strength and ultimate tensile strain. Based on this figure, in FA:C ratio between 0.5 -1.0, ECC material has higher tensile strength whereas the value of ultimate tensile strain is less than 4.5%. In the second range (1.0 -1.5) that might be the best range of FA:C ratio, tensile strength is more than 3 MPa and tensile strains mostly more than 4.5%. In third one, it might be expected that tensile strength is less than 3.0 MPa. However, the widest range of high value for the ultimate tensile strain. Also, in FA:C ratio more than 2.0, it is expected the lowest ductile behavior of ECC. The optimum range of ultimate tensile strain is between 4.5% and 6.5% and tensile strength is between 3.1 MPa and 3.8 MPa for FA:C ratio 1 -1.5.
Conclusions
The purpose of this study was to evaluate the performance of ECC made with Based on the findings from this study, the following observations can be made:
• Using fine materials show lower strength and higher strain that must be considered in all designs.
• In fine aggregates, yield strength and tensile strength were decreased 5% and 10% respectively. However, the ultimate strain was increased 5%.
• The best ratio of fly ash in the binder is 1 to 1.5 for the cement to fly ash ratio which has 3.5 MPa tensile strength and 6% tensile strain so that IECC can be known with 60% in the binder.
• The Central tendency of the samples was observed in all ECC mixtures.
• It is concluded that in FA/C ratio between 1 -2, ECC has high ductility.
However, tensile strength can be higher than 3 MPa in the ratio between 1 -1.5 and lower than 3 MPa in the ratio between 1.5 -2. Thus, IECC will be obtained if fly ash content is between 50% to 67% of the binder.
